Species within the class Raphidophyceae were associated with fish kill events in Japanese, European, Canadian, and U.S. coastal waters. Fish mortality was attributable to gill damage with exposure to reactive oxygen species (peroxide, superoxide, and hydroxide radicals), neurotoxins, physical clogging, and hemolytic substances. Morphological identification of these organisms in environmental water samples is difficult, particularly when fixatives are used. Because of this difficulty and the continued global emergence of these species in coastal estuarine waters, we initiated the development and validation of a suite of real-time polymerase chain reaction (PCR) assays. Sequencing was used to generate complete data sets for nuclear encoded small-subunit ribosomal RNA (SSU rRNA; 18S); internal transcribed spacers 1 and 2, 5.8S; and plastid encoded SSU rRNA (16S) for confirmed raphidophyte cultures from various geographic locations. Sequences for several Chattonella species (C. antiqua, C. marina, C. ovata, C. subsalsa, and C. verruculosa), Heterosigma akashiwo, and Fibrocapsa japonica were generated and used to design rapid and specific PCR assays for several species including C. verruculosa Hara et Chihara, C. subsalsa Biecheler, the complex comprised of C. marina Hara et Chihara, C. antiqua Ono and C. ovata, H. akashiwo Ono, and F. japonica Toriumi et Takano using appropriate loci. With this comprehensive data set, we were also able to perform phylogenetic analyses to determine the relationship between these species. 1700 tons of bluefin tuna (Tunnus maccoyii) valued at US$40 million were destroyed in South Australia by a bloom of C. marina (Hallegraeff et al. 1998 ; original morphological description of C. marina in Hara et al. 1994) . Hard et al. (2000) observed selective mortality in a captive population of chinook salmon (Oncorhynchus tshawytscha) in response to a natural bloom of Heterosigma akashiwo (original morphological description of H. akashiwo in Hara and Chihara 1987) in Puget Sound, Washington, during 1997. Blooms of C. aff. verruculosa killed over 350 tons of cultured salmon in western Norway in 1998 (Backe-Hansen et al. 2001) , while a mixed bloom of H. akashiwo and C. marina was responsible for killing approximately 1100 tons of Atlantic salmon (Salmo salar) during 2001 (Lars-Johan et al. 2002) . Since the mid-1980s, deaths of farmed salmon attributed to blooms of Raphidophytes in the Pacific northwest resulted in economic losses of approximately US$30 million (Rensel et al. 1989) .
Although the exact killing mechanisms are somewhat unclear, there are several mechanisms thought to lead to gill damage and fish deaths. For example, several species have been documented to produce brevetoxin or brevetoxin-like compounds. Among these are H. akashiwo (Black et al. 1991 , Khan et al. 1997 , C. marina Nozawa 1989, Khan et al. 1996a) , C. antiqua Nozawa 1989, Khan et al. 1996a ), an C. verruculosa (Yamamoto and Tanaka 1990, Baba et al. 1995, Tomas unpublished data;  and original morphological description of C. verruculosa in Hara et al. 1994) . The toxicity of Fibrocapsa japonica has also been explored (Khan et al. 1996b , Bridgers et al. 2004 , Fu et al. 2004 ; original morphological description of F. japonica in Toriumi and Takano 1973) . Fish exposed to these toxins had decreased heart rates, resulting in impaired oxygen flow to the gills and, in some instances, mortality. The production of reactive oxygen species such as superoxide, hydroxide, and hydrogen peroxide radicals along with production of hemolytic substances by some species of raphidophytes like H. akashiwo (Ahmed et al. 1995 , Yang et al. 1995 , F. japonica (Oda et al. 1997) , and C. antiqua (Schimada et al. 1983 , Tanaka et al. 1994 ) presumably cause gill damage leading to fish mortality. Toxic polyunsaturated fatty acids (PUFAs) are yet another active element suggested for raphidophytes (Marshall et al. 2004) and, in combination with reactive oxygen species and neurotoxins, can present a toxin cocktail resulting in the lethal effects observed during some raphidophyte blooms.
To better track and predict the potential for negative effects of raphidophyte species on fish, human health, and local economies, their accurate and rapid identification in environmental monitoring programs is essential. Traditional identification by conventional microscopy is tedious and particularly difficult because these organisms do not preserve well (Heywood 1978 , Tomas 1997 ). These difficulties are compounded when attempting to assess raphidophyte populations within a heterogeneous environmental sample. Tyrrell et al. (2001) used fluorescent in situ hybridization (FISH) probes for detecting H. akashiwo, but this method proved difficult due to cell disruption and morphology distortion resulting from exposure to fixatives. Small cells were also a problem in that they could easily be confused with small autofluorescent particles inherent in environmental samples. A sandwich hybridization assay (SHA; Scholin et al. 1997 , Tyrrell et al. 2001 with species-specific probes targeted to the LSU region of H. akashiwo and F. japonica was developed. Modifying the probe sequences even slightly in an SHA can affect the intensity and specificity of the signal (Fuchs et al. 1988 , Tyrrell et al. 2001 .
Progress was made in utilizing other molecular methods, which are faster and more cost efficient than traditional microscopy to identify raphidophyte species. Murayama-Kayano et al. (1998) used the random amplified polymorphic DNA (RAPD) technique to determine genetic variability among Chattonella species and strains. This technique is beneficial when characterizing cultures and assessing strain differences; however, it becomes challenging when applied to complex environmental samples. Connell (2002) recently developed several PCR primers targeted to the intertranscribed spacer (ITS) regions of C. antiqua, C. subsalsa (original morphological description of C. subsalsa in Biecheler 1936), F. japonica, H. akashiwo, and O. luteus. These advances in molecular techniques circumvent the problems associated with cell fixation and traditional microscopic methods.
The present work presents the development and validation of real-time PCR assays based on Taqman methodology (Holland et al. 1991 , Wittwer et al. 1997 for C. verruculosa; the C. marina, C. antiqua, C. ovata complex (original morphological description of C. ovata in Hara et al. 1994 ); C. subsalsa; H. akashiwo; and F. japonica. This research not only provides assays for detecting these species in cultures and environmental samples, but it also greatly expands raphidophyte sequence data available to the research community. In particular, this is the first time that sequence data have been presented for C. verruculosa, which is now believed to belong to the family Dictyochophyceae (Fukaya et al. 2002 , Bowers et al. 2004 . Recently, a closely related flagellate isolated from the Skagerrak (C. aff. verruculosa) was fully characterized, and a new name has been proposed (Verrucophora verruculosa var. farcima gen. et var. nov.; Edvardsen et al. submitted) . Phylogenetic analysis of this organism places it close to C. verruculosa in the Dictyochophyte clade (Edvardsen et al., submitted) .
We also explored the previous observations that C. marina, C. antiqua and C. ovata are genetically indistinguishable, although they can be separated based on classical morphology. Sako et al. (2000) proposed that these three species were genetically identical based on nuclear encoded SSU rRNA as well as nuclear encoded large subunit ribosomal RNA (LSU rRNA; 28S) se-HOLLY A. BOWERS ET AL. quences data, while Connell (2000) concluded that C. antiqua and C. marina were identical in the highly variable internal transcribed spacer (ITS1 and 2; 5.8S) locus using one culture of each species. We derived sequence data from three loci utilizing nine different cultures to validate these findings. Connell (2000) also observed that the ITS locus for H. akashiwo was surprisingly conserved among isolates from both the Atlantic and Pacific basins. We also observed this trend for nuclear 18S as well as plastid 16S sequence data from several H. akashiwo cultures, including some of the isolates used in the Connell study. Furthermore, we observed the same phenomenon when we sequenced and compared the three target loci from eight cultures of C. subsalsa isolated from various geographic locations.
MATERIALS AND METHODS
Cultures and environmental samples. The raphidophyte cultures used for this study are listed in Table 1 All cultures from the CMSTAC were established as single cell pipette isolations from natural bloom samples. C. antiqua was the only culture maintained at CMSTAC that was originally obtained from the Kagawa Culture collection. All cultures were maintained in seawater-enriched media either as Guillard's F/2 medium (Guillard and Ryther 1962) modified by the elimination of silica and Tris stock solutions or in Erdschriber's medium as specified by the media recipes of the CCMP. All cultures were kept at 241 C, with 80-100 mmol photons Á m À 2 Á s À 1 of cool-white fluorescent light and a 12:12 light:dark (LD) cycle. Raphidophyte cells from each culture were examined using a Zeiss Axio Imager Z1 microscope (Carl Zeiss Company, Thornwood, NY, USA) equipped for differential interference contrast and epifluorescence. Morphological observations were made via brightfield/DIC microscopy.
Environmental samples used for validation of assays were obtained from Maryland Department of Natural Resources (MD-DNR) and Delaware Department of Natural Resources and Environmental Control (DE-DNREC) as part of their routine monitoring programs during 2005. Microscope counts were performed for raphidophyte species on all samples by trained personnel at the respective agencies.
DNA extraction. Extractions of DNA from cultures were conducted using either a cetyltrimethylammonium bromide (CTAB) buffer DNA isolation technique (Schaefer 1997 ) or a Puregene s DNA Isolation Kit (Gentra Systems, Minneapolis, MN, USA). DNA extractions from environmental samples were performed using the Puregene s kit only. When using the Puregene s kit, 50 mL of culture was centrifuged at 4000g, and the supernatant was decanted. The pellet was resuspended in 300 mL of cell lysis buffer supplied with the kit, and the manufacturer's protocol was followed for the remainder of the extraction.
PCR. Table 2 lists all primers used in various combinations to generate overlapping sequence data for nuclear encoded 18S, ITS1-5.8S-ITS2, and partial plastid encoded 16S from raphidophyte cultures (all primers ordered from Qiagen/Operon, Alameda, CA, USA). For each PCR, the 50 mL reaction contained 1.5 U of MegaFragt Taq polymerase, which is a high fidelity proofreading enzyme (Denville Scientific, Metuchen, NJ, USA); 10 Â PCR buffer and 4 mM MgCl 2 supplied with Taq polymerase; 2 mM each dNTP (Invitrogen, Alameda, CA, USA); 0.25 mg Á mL À 1 bovine serum albumin (Idaho Technology, Idaho Falls, ID, USA); 0.8 mM each primer (Qiagen/Operon); 1-5 mL DNA template and molecular biology grade water to a final volume of 50 mL. Cycling was performed on either the Perkin Elmer 9600 (Wellesley, MA, USA) or the DNA Engine Dyad Peltier Thermocycler (Bio-Rad Laboratories Inc., Waltham, MA, USA) as follows: initial denaturation at 941 C for 2 min, followed by 45 cycles of 941 C for 30 s (10 s on Dyad), annealing temperature ranging from 551 C to 601 C (based on primer pair used) for 30 s, 681 C for 40-90 s (depending on amplicon size), and a final extension at 681 C for 10 min (6 min 20 s for Dyad). The PCR products were examined on a 1% ethidium bromidestained agarose gel, and bands were extracted from the gel following the procedure supplied with the MinElute kit (Qiagen).
Sequencing and phylogenetic analyses. Extracted bands for all three loci derived from cultures were sequenced using the DYEnamict ET Terminator Cycle Sequencing kit (Amersham Biosciences, Piscataway, NJ, USA). The sequencing reactions contained the following: 2 mL dye (diluted 1:5), 1 mL of desired primer (0.4 mM final concentration), 1.75 mL sterile H 2 O, and 0.25 mL of gel purified product. Cycling parameters were as follows: 25 cycles of 951 C for 20 s, 551 C for 15 s, and 601 C for 1 min. After cycling, sequencing reactions were centrifuged through Sephadex G50 to remove unincorporated dye (Amersham Biosciences, Uppsala, Sweden). Sequencing was performed on either the ABI 377 (Perkin Elmer) or the 3100 capillary sequencer (Applied Biosystems, Foster City, CA, USA). Several forward and reverse primers were used to sequence various overlapping fragments. These fragments were combined and inspected for nucleotide ambiguities using Sequencher (version 4.1.2, Gene Codes Corporation, Ann Arbor, MI, USA) and then aligned to other raphidophytes and closely related organisms utilizing the software MacClade (version 4.04; Maddison & Maddison; Sinauer Associates Inc., Sunderland, MA, USA).
Phylogenetic analyses were performed on the 18S and 16S alignments using PAUP* (version 4.0, Swofford 1999) . Minimum evolution (ME) distance trees were made for both data sets using Kimura 2-parameter (K2P) distances and heuristic searches [10 Â random addition of the sequences and treebisection-reconnection (TBR) branch swapping]. These topologies were used by the program Modeltest (Posada and Crandall 1998) to pick the most appropriate models for sequence evolution. For the 18S alignment, a model assuming unequal base frequencies, among-site rate variation (four categories), proportion of invariable sites, and a Tamura-Nei substitution matrix (Tamura and Nei 1993) was chosen. For the 16S data set, the model favored assumed unequal base frequencies, among-site rate variation (four categories), proportion of invariable sites, and a general time reversible substitution matrix (Tavaré 1986 ). These models with their corresponding parameters were used in ME distance analyses with maximum likelihood distances. Heuristic searches with 10 Â random addition of sequences were done using TBR branch swapping. Branch lengths were constrained to be nonnegative, and polytomies were collapsed for distances <e À 8 . To assess branch stability, 100 bootstrap replicates were analyzed for each data set using the models described above.
Pairwise similarities between sequences were calculated utilizing the ''BLAST 2 sequences'' tool available through NCBI (Tatusova and Madden 1999) . The default penalty values were used for gap opening (5), gap extension (2), and gap Â drop- neg. neg.
neg. AY788925 AY858860 AY864036
C. marina CMSTAC MD 7 St. Martin River, Maryland, USA C. Tomas (2002) neg.
pos.
neg. neg.
neg. AY788927 AY858861 AY864045
C. marina CMSTAC NR 5 New River, North Carolina, USA C. Tomas (2000) neg.
neg. neg. neg. AY788938 AY858867 AY864047
C. subsalsa CMSTAC SS 4 Salton Sea, California, USA C. Tomas (1996) neg.
neg. pos. neg.
neg. AY788943 AY858866 AY864028
C. subsalsa CMSTAC TX 12 Corpus Christi Bay, Texas, USA C. Tomas (1997) neg.
neg. AY788939 AY858871 AY864023
C. subsalsa CMSTAC J04 Seto Island Sea, Japan
Yoshimatsu (1989) neg.
neg. AY788944 AY858864 AY864029
C. subsalsa CMSTAC SH-1 Singapore Harbor, Singapore M. Holmes (1996) neg.
neg. AY788942 AY858870 AY864030
C. subsalsa CMSTAC NR 22 New River, North Carolina, USA C. Tomas (2000) neg.
neg. AY788940 AY858868 AY864039
C. subsalsa CMSTAC OL 4 Oristano Lagoon, Sardinia, Italy C. Tomas (2003) neg. (2000) neg.
neg. neg. neg. off (50). Expect value was 10, and the filter was inactivated for the analysis. Real-time PCR assays. Development of real-time assays followed a similar approach as previously described for other harmful algal bloom species , Tengs et al. 2001 . We first compiled a matrix of known raphidophyte sequence data deposited in GenBank and added data we generated from additional cultures. We designed primers to be used in conjunction with speciesspecific probes in real-time PCR assays based on Taqman technology (Holland et al. 1991 , Wittwer et al. 1997 . The assay for C. verruculosa was targeted to the 18S rRNA locus, and the assays for C. subsalsa and the C. marina/antiqua/ovata complex were both designed to target the ITS region.
Species-specific assays were designed to target the large subunit (LSU; 28S) rRNA for H. akashiwo and F. japonica. Oligonucleotide primer and probe sequences were selected based on an alignment of available sequences from GenBank: H. akashiwo (AF210744), F. japonica (AF210740), C. antiqua (AF210737), C. subsalsa (AF210736), C. ovata (AF210738), C. marina (AF210739), Vacuolaria virescens (AF210742), Nanochloropsis oculata (AF210744), and Olisthodiscus luteus (AF210743). Sequences were aligned using DNASIS v. 3.6. Candidate primers and probes were then screened against all known sequences in GenBank using the NCBI BLAST program (Altschul et al. 1997) .
Primers and HPLC purified probes were synthesized by QIAGEN (Qiagen/Operon) and are presented in Table 3 . Each reaction contained the following: 0.1 U Taq Pro (Denville Scientific), 1 Â PCR buffer, 4 mM MgCl 2 , 0.2 mM forward primer, 0.2 mM reverse primer, 0.3 mM each deoxynucleotide triphophosphate (Invitrogen), 0.25 mg Á mL À 1 bovine serum albumin (Idaho Technology), 0.3 mM Taqman probe, molecular grade water to 10 mL or 25 mL, and 1 mL DNA template. Assays were performed on either the Lightcycler 32 (Idaho Technology Salt Lake City, Utah, USA) or the Smartcycler (Cepheid, Sunnyvale, CA, USA). The following cycling parameters were used: 50 cycles of 941 C for 0 s (i.e. touchdown step; 15 s on Smartcycler) and annealing temperature (varied for each assay; Table 3) for 20 s (30 s on Smartcycler). For Smartcycler reactions, cycling included an initial denaturing step for 2 min at 951 C. Fluorescence acquisition occurred after each cycle.
Assay validation. All five assays were validated by testing them against a panel of raphidophyte and dictyochophyte cultures ( Table 1 ). The lower limits of detection (copy number of target) were determined by testing each assay against a serial dilution of plasmid containing the target sequence. First, PCR was performed utilizing the primers outlined in Table 3 for each species. The resulting amplicons were gel purified (as described above), ligated into pCR s 2.1 vector and transformed into One Shot s Top 10F 0 chemically competent cells following manufacturer's instructions (Invitrogen). Cells were streaked onto LB plates containing ampicillin, X-gal, and IPTG according to the manufacturer's protocol and incubated overnight at 371 C. Sterile pipet tips were used to transfer white colonies into 3 mL of LB broth containing ampicillin. These inoculations were incubated overnight at 371 C on a shaker. Plasmid preps were performed as outlined in the manufacturer's instruction supplied with the QIAPrep s Spin Miniprep Kit (Qiagen/ Operon) and serial dilutions were prepared.
In order to validate the use of these assays on environmental samples, we tested samples received in 2005 from MD-DNR (n 5 9) and DE-DNREC (n 5 21) for which cell counts were available for raphidophyte species. Samples were tested (nonquantitatively) with the H. akashiwo, F. japonica, C. subsalsa, C. marina/antiqua/ovata, and C. verruculosa probes (Table 4) . Qualitative results from these assays were compared with cell counts Table 4 .
RESULTS

Cultures.
Because raphidophytes lack rigid cell walls, their morphology is somewhat flexible. In general, size, shape, and motion of living cells were the best clues; but as they easily distort with fixation, fixed field samples are the least helpful in identification based on morphology. Of the cells used in this study (Fig. 3 ), all were observed live from rapidly growing log phase cultures where their morphology tended to be most consistent for the species. All live raphidophytes subjected to stress will become spherical, lose motility, and become indistinguishable from one another except for size. Members of the genus Chattonella showed the widest variability in morphology. Medlin et al. 1988. c Additional primers were utilized to generate the plastid sequence for F. japonica CCMP 1661 . Loci were chosen based on ability to distinguish target species from others. Amplicon length and annealing temperatures are provided.
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C. antiqua (Fig. 3a) was the largest of the species with long (70-155 mm) cells having a large, flattened anterior portion of the cell. This highly motile, serpentine species exhibited some flexibility with its cell capable of bending slightly when making tight turns. It was the easiest member of this genus to identify with a morphology that remained constant in vigorously growing cells. When senescent, shorter, oval, and even rounded cells were seen but always having tightly packed chloroplasts.
The next largest, C. ovata (Fig. 3b ) overlapped in size slightly with C. antiqua (65-84 mm) but was easily distinguished by its broadly oval shape with radiating, loosely packed chloroplasts. Some motile cells were rounded with well-defined flagella, but for the most part, actively moving cells were oval. The loosely packed chloroplasts with clear spaces between them, oval shape, and relatively large size made it difficult to mistake this for other members of this genus. C. marina (Fig. 3c ) and C. subsalsa (Fig. 3, d-h ) were the two species most likely to be confused. Both had similar sizes (33-46 mm), tightly packed chloroplasts, pyriform cell shapes with broadly rounded anterior and tapering posterior cell regions and both with golden brown coloration. Of the two, C. marina tended to be slightly broader, ending in a blunt, less pointed posterior region with chloroplasts extending to fill the cell entirely. In contrast, C. subsalsa always had chloroplasts ending before the pointed posterior, leaving it colorless or clearly absent of pigmentation. This feature was difficult to observe unless cells were in welled slides with enough liquid to allow free movement. The colorless posteriors were diagnostic in C. subsalsa and were never seen in C. marina. Within those called C. subsalsa (Fig. 3, d-h ), no distinguishable morphological features separated them from one another. Aside from the C. subsalsa Japan (Fig. 3d) being slightly smaller, all clones closely resembled each other including the ''Mediterranean type'' C. subsalsa (Sardinia, Oristano Lagoon).
F. japonica was among the easiest raphidophyte to identify (Fig. 3i) with a clearly oval shape (32-48 mm) packed with golden brown chloroplasts and diagnostic mucocysts in the posterior region of the cell. The extreme posterior area had the greatest number of mucocysts, leaving all cells with a clearly hyaline region at the extreme opposite from where flagella were seen. While F. japonica can be seen as a rounded cell, the majority of the time the cells were oval. Motility was less vigorous than any of the other raphidophytes, and in those cases when exposed to high light intensities, the chloroplasts were highly reduced. This species was less likely to distort with fixation either with Lugol's solution or with formalin.
The other highly variable morphology was observed in H. akashiwo (Fig. 3, j-l) . The smallest of the raphidophytes with cells varying from 18-34 mm, this species showed the greatest variability in morphology. These small, densely packed cells having 18-27 chloroplasts were normally golden brown in coloration. H. akashiwo was highly motile, exhibiting gliding as well as twirling motion. Cells appeared angular, flattened, or completely rounded and exhibited all these shapes within the same culture. This species is highly distorted by fixatives, rendering it almost impossible to identify from morphology alone. There was no significant difference in morphology from cells from Japan (Fig.  3j) ; North Carolina (Fig. 3k) ; or Milford, Connecticut (Fig. 3l) .
18S sequencing. We sequenced the nuclear encoded 18S locus (41700 bp) of a panel of raphidophyte cultures (n 5 25; see Table 1 for GenBank accession numbers), including the first published sequence data for C. verruculosa. The two isolates (Japan and New Zealand) shared 99% sequence similarity (number of identical base pairs divided by sequence length) and were genetically closer to the Dictyochophyceae than to Raphidophyceae (Fig. 1) .
Isolates of C. subsalsa (n 5 7) collected from a global geographic network had 100% sequence similarity and differed by only two base pairs from the only C. subsalsa 18S sequence previously deposited (U41649). Isolates of C. antiqua, C. ovata, C. marina, and C. sp. (n 5 10; Fig. 1 ) had 100% sequence similarity and shared 99% sequence similarity to the C. subsalsa isolates. The 18S locus of H. akashiwo was well conserved among the geographically distinct isolates that we sequenced (n 5 5). The sequences had a 99%-100% sequence similarity to data previously deposited in GenBank for this organism (n 5 6; AY788932-AY788936). Sequence data for the 18S locus of F. japonica were also generated (Table 1 , Fig. 1 ). Figure 1 depicts the ME distance tree generated for all raphidophyte sequence data deposited from this study (in bold) as well as sequences downloaded from GenBank. ITS1-5.8S-ITS2 sequencing. Sequence data spanning the ITS1-5.8S-ITS2 region (4550 bp) were derived for several raphidophyte cultures (n 5 20; see Table 1 for GenBank accession numbers). Cultures of C. subsalsa from eight geographically distinct regions were sequenced. These shared 100% sequence similarity to each other and to the two available sequences in GenBank (AF409126 and AF153196). At this locus, the C. subsalsa isolates more clearly diverged (approximately 10% dissimilarity) from the C. antiqua, C. ovata, and C. marina complex, and we therefore utilized this sequence region in development of a C. subsalsa real-time assay. As with the 18S locus, the ITS locus was 100% conserved for all geographically distinct isolates of C. antiqua, C. ovata, C. marina, and C. sp. (n 5 10). The sequence representing these various species had 100% sequence similarity to C. marina (AF137074) and one base pair difference from another C. marina (AY704165), C. antiqua (AF136761), and two base pairs difference from C. ovata (AY704166). One culture of C. marina (CCMP 2049) that we sequenced contained a polymorphism at one nucleotide position, which was confirmed by five overlapping sequence reads.
Three H. akashiwo cultures sequenced (Table 1) had  100% sequence similarity to 21 sequences previously  deposited  (AF409124,  AF157381-AF157386,  AF163817,  AF096283,  AF110823,  AF112993,  AF125579,  AF126214,  AF128237,  AF132296,  AF132549, AF134727, AF134728, AF135436, AF135786, AF151016) in GenBank. Two other previously deposited H. akashiwo sequences shared 97% (AF152602) and 98% (AY704164) similarity to the group of sequences listed above. We were unable to obtain a clean consensus sequence from F. japonica for this locus. This was most likely due to sequence polymorphisms.
16S sequencing. We partially sequenced the plastid encoded 16S locus (approximately 600 bp) of several raphidophyte (n 5 26) and dictyochophyte (n 5 3) cultures (see Table 1 for GenBank accession numbers). The two isolates of C. verruculosa had 100% sequence similarity, and these sequences grouped with the Dictyochophyceae in the phylogenetic analyses performed, as observed with the 18S analysis (Fig. 2) . Sufficient variation was present in the 16S locus, as observed with the ITS1-5.8S-ITS2 locus, to enable differentiation of C. subsalsa isolates from the C. marina/antiqua/ovata/sp. complex. Again, the conserved nature of this locus for the C. subsalsa isolates from a broad range of geographically distinct locales (n 5 8) was observed. The members of the C. marina/antiqua/ovata/sp. complex were identical in the 16S plastid locus.
Intraspecies conservation was again observed for isolates of H. akashiwo, which were isolated from six different locations. Our H. akashiwo sequences shared 98% similarity to the three H. akashiwo 16S sequences previously deposited (AB181955, AB181956, AB181958). When aligned with the rest of the data in our 16S alignment, the sequence from F. japonica had a large, unique insertion (length: approximately 285 bp).
Taqman assays. Five real-time PCR Taqman assays were developed and validated against the panel of cultures listed in Table 1 . The assay for C. verruculosa was successfully validated for specificity. An initial assay designed to target the 18S rRNA of C. subsalsa also detected the C. marina/antiqua/ovata/sp. complex. The assay was further refined and targeted to the ITS region of C. subsalsa, which is genetically distinguishable from the above species complex using this locus. A separate assay was designed to detect the C. marina/ antiqua/ovata/sp. complex also based on ITS. The specificity of both assays was confirmed against all cultures listed in Table 1 , and both were able to detect isolates across a broad geographic range. The assays for H. akashiwo and F. japonica were also validated against the panel listed in Table 1 .
The lower limit of detection was determined for each assay based on serial dilutions of plasmids containing target amplicons. Reaction efficiencies were calculated by the Lightcycler software. Fig. 4 depicts the standard curve generated from the serial dilution of plasmid containing the H. akashiwo target and shows that the last dilution detected represents 7.4 copies of the target in the reaction (reaction efficiency of 93%). The remaining lower limits of detection for each assay were as follows (data not shown): 7.32 copies for C. subsalsa (reaction efficiency of 94%), 7.20 copies for F. japonica (reaction efficiency of 106%), 6.40 copies for C. marina/antiqua/ ovata (reaction efficiency of 98%), and 4.6 copies for C. verruculosa (reaction efficiency of 93%). Table 4 shows the correlation of probe results to cell counts for environmental samples collected in 2005 by MD-DNR and DE-DNREC. A total of 30 samples were FIG. 1. Minimum evolution analysis of the 18S rRNA alignment using maximum likelihood distances (distance score: 1.30857). Bootstrap values above 60% are indicated. The following GenBank accession numbers, not listed in Table 1 , were included in the phylogenetic analyses: Chattonella subsalsa U41649; Vacuolaria virescens U41651; Heterosigma akashiwo AB001287; H. carterae U41650; Apedinella radians U14384; Pseudopedinella elastica U14387; Rhizochromulina cf marina U14388; Dictyocha speculum U14385; Florenciella ultra AY254857; Coccoid pelagophyte U40927; Pelagomonas calceolata U14389; Pleurochloris meiringensis AF109728; Pseudopleurochloris antarctica AF109729; Heterococcus caespitosus AF083399; Asteronema rhodochortonoides AB056156; Desmarestia viridis AJ295828; Fragilaria striatula X77704; Thalassionema nitzschioides X77702; Eustigmatos magna U41051; Vischeria helvetica AF045051; Monodopsis subterranea U41054; Nannochloropsis oculata AF045044; Mallomonas caudata U73228; Paraphysomonas foraminifera AF174376; and Synura uvella U73222. Cultures in bold were deposited as part of this study, and collapsed branches indicate identical sequences. RAPHIDOPHYCEAE SYSTEMATICS FIG 2. Minimum evolution analysis of the 16S rRNA alignment using maximum likelihood distances (distance score: 1.05415).Bootstrap values above 60% are indicated. The following GenBank accession numbers, not listed in Table 1 , were included in the phylogenetic analyses: Heterosigma akashiwo AB181955, AB181956, AB181958; Cymatosira belgica AJ536456; Melosira varians AJ536464; Stephanopyxis nipponica AJ536465; Ditylum brightwellii AJ536460; Rhizosolenia setigera M87329; Odontella sinensis AJ536457; Haslea crucigera AF514849; Pleurosigma intermedium AF514848; Haslea salstonica AF514854; Bacillaria paxillifer AJ536452; Corethron pennatum AJ536466; Fragilaria striatula AJ536453; Gyrosigma fasciola AF514847; Nitzschia frustulum AY221721; Coscinodiscus radiatus AJ536462; Lauderia borealis AJ536459; Stephanodiscus minutulus AY221720; Skeletonema costatum X82154; Skeletonema pseudocostatum X82155; Rhodosorus marinus AF170719; Rhopalodia gibba AJ582391; Emiliania huxleyi X82156; and Pavlova gyrans AF172715. Cultures in bold were deposited as part of this study, and collapsed branches indicate identical sequences. Because this analysis is based on short sequences (approximately 640 bp), it is shown to depict sequence diversity and should not be used to draw taxonomic conclusions. compared, with 57% of results in agreement for H. akashiwo, 87% for F. japonica, 83% for C. subsalsa and 100% for C. antiqua/marina/ovata (the latter species complex has not been observed via morphology in Maryland or Delaware waters; W. Butler and E. Whereat personal communication) . All samples were also tested with the probe for C. verruculosa (all were negative); however, this species has never been observed in mid-Atlantic waters via microscopy or molecular probes. There were 19 cases in which a sample was positive via probe assay, but cell counts for the corresponding species were negative. In three cases, a probe was negative while the corresponding species was detected via microscopy.
DISCUSSION
Work presented here has greatly increased the raphidophyte sequence data available to the scientific community through GenBank. A total of 74 sequences were deposited: 25 18S rRNA, 20 ITS1-5.8S-ITS2, and 26 plastid 16S (plus three additional from Dictyochophyceae cultures). These data allowed us to perform phylogenetic analyses based on nuclear 18S and plastid 16S loci in order to better understand the relationships between members of the family Raphidophyceae and with other stramenopiles. Because the 16S analysis is based on short sequences (approximately 640 bp), Figure 2 is shown to illustrate sequence diversity and does not depict any taxonomic conclusions. In addition, we have provided validated primer and probe sequences for five real-time PCR assays targeting various species; C. verruculosa, C. subsalsa, the C. marina/ovata/antiqua complex, H. akashiwo, and F. japonica.
Early phylogenetic analyses of raphidophyte species were based on morphological characteristics, and it has long been recognized that they belong to the RAPHIDOPHYCEAE SYSTEMATICS division Heterokonta (Leedale 1974 , Moestrup 1982 , Heywood 1990 ). Subsequent analyses utilizing genetic sequence data were limited for this group. The first sequence data for a raphidophyte species were published by Cavalier-Smith and Chao (1996) for the nuclear 18S locus of H. carterae ( 5 H. akashiwo). Potter et al. (1997) combined these data with 18S sequence data from an isolate of C. subsalsa to confirm the Raphidophyceae as a monophyletic group, supporting several previous classifications (Silva 1980 , Heywood 1990 ). Other raphidophyte sequence data for 18S and the ITS region were generated as this early work, including data for several H. akashiwo isolates from the Atlantic and Pacific basins (Connell 2000) , data for C. subsalsa and H. akashiwo isolates as part of a study determining the evolutionary relationships among Heterokonts (Ben Ali et al. 2002) , and data from several unpublished studies (sequences deposited on GenBank). Where applicable, these sequences were included in our phylogenetic analyses. In order to enhance these early efforts, there was a clear need to fill in gaps for available sequence data and to genetically characterize additional cultures that have been obtained and maintained by several different groups including CMSTAC, CCMP, CAAE, and SCAEL. Furthermore, clarification was needed to determine the relationship of C. verruculosa to members of the Raphidophyceae.
Sequence data (nuclear 18S and plastid 16S) and phylogenetic analyses presented here from two C. verruculosa cultures support the notion that this species belongs to the Dictyochophyceae and not Raphidophyceae (Bowers et al. 2004, Edvardsen et al. submitted) . Although one culture was isolated from Japan and the other from New Zealand, they shared 99% sequence similarity in the 18S region and shared 100% sequence similarity with respect to the plastid 16S locus. Sequencing of the ITS1-5.8S-ITS2 loci gave mixed sequence reads, and a consensus sequence could not be obtained, an observation that has previously been made by others (B. Edvardsen, personal communication) . This could be due to nonclonal cultures or the presence of sequence variation between the multiple copies of this locus in the genome. Because C. verruculosa has been confirmed to produce brevetoxin (C. Tomas, unpublished data), it is important to gain a better understanding of the placement and distribution of this species. The C. subsalsa isolates used in this study were surprisingly conserved across all three loci sequenced, despite their vast global distribution (East Coast and Gulf Coast of the United States, Japan, Singapore and Sardinia). This is quite remarkable, because genomic ITS sequences, in general, are known for having rapid divergence rates and are commonly targeted in algal genetics research to assess inter-and intraspecies variations, especially across broad geographic locations (Bakker et al. 1992 , Coleman et al. 1994 , Zechman et al. 1994 , Kooistra et al. 2001 , Zoller and Lutzoni 2003 , Leskinen et al. 2004 , Orsini et al. 2004 .
Sequencing of all three loci from several isolates of C. marina, C. ovata, and C. antiqua suggests genetic identity consistent with earlier observations by Sako et al. (2000) and Connell (2000 Connell ( , 2002 . These original observations were based on sequencing nuclear encoded 18S and ITS of a few cultures. Herein, we have added 18S data from several additional cultures, as well as plastid encoded 16S data to support these findings. Despite marked sequence identity, these organisms can be separated on the basis of morphological criteria (Fig. 3 , a-e, and described below). We also determined that C. sp. (CCMP 218) shares identical sequence data to this complex. Ongoing efforts by our laboratory involve the sequencing of other loci in an effort to differentiate these organisms genetically, which will allow us to design species-specific assays.
Earlier work by Connell (2000) determined that several isolates of H. akashiwo from both the Atlantic and Pacific basins were surprisingly conserved in the ITS region. Our work included sequencing 18S, ITS1-5.8S-ITS2, and 16S from several additional cultures, which confirmed this prior observation. These three loci shared 100% sequence similarity among the cultures we used and were either identical or differed by only a few base pairs from sequence data previously deposited in GenBank by others. Interestingly, CCMP 1596 had one base pair difference in the 18S locus from the other H. akashiwo cultures, which was also observed in the early H. carterae ( 5 H. akashiwo; CCMP 452) sequence deposited by Potter et al. (1997) .
We derived sequence data for the 18S locus of F. japonica, and Figure 1 depicts its placement among the raphidophytes and other stramenopiles. Sequencing of the ITS1-5.8S-ITS2 region identified several polymorphisms. Kooistra et al. (2001) previously described polymorphisms in the same locus from this same isolate; however, only one polymorphism matched between the two laboratories, so current efforts are underway to resolve this discrepancy. Kooistra found that older (approximately 1970) cultures of F. japonica did not contain any polymorphisms, while those collected more recently contained the most. Several theories are suggested, a situation which clearly underlines the need to better understand the genetics of this species. Ongoing research in our laboratory will focus on molecular analyses of several F. japonica strains using various loci. We present the first published sequence data for the 16S locus of F. japonica, and Figure 2 depicts its placement among the raphidophytes and other stramenopiles.
In addition to greatly enhancing the available raphidophyte sequence data, this work also makes available probe and primer sequences for five real-time PCR assays: C. verruculosa, the C. marina/antiqua/ovata complex, C. subsalsa, H. akashiwo, and F. japonica. These assays were validated extensively against other Raphidophyceae, as well as other organisms (data not shown). Because the raphidophytes lack a firm cell wall, they are highly pleomorphic, and this creates problems for identification of living as well as preserved cells. The utility of the real-time PCR assays, particularly with preserved material, offers a great advantage in clearly distinguishing between species of these highly variable cells.
The results presented in Table 4 compare molecular probe results to cell counts for raphidophyte species performed on environmental samples. Overall, there was strong agreement between the two methods. In the case of discrepancies, it was more common for the PCR assay to be positive with corresponding negative cell counts (19 cases) than for PCR assay results to be negative with corresponding positive cell counts (three cases). Interestingly, in those three cases, the cell counts were not unusual (higher or lower) than counts for the other samples. In this study, the molecular probe assays appear to have demonstrated greater sensitivity over microscopy.
There are several caveats associated with both methods, which should be considered when performing comparative analyses. Caveats related to microscopy include but are not limited to: analysis of live versus preserved samples (raphidophyte species can be difficult to distinguish after preservation), if live samples are analyzed there may be a shift in algal composition between time of collection and time of analysis, magnification and light source, difficulties inherent to species identification in very heterogeneous samples, the probability of not detecting an organism with only a few cells present, and variability inherent with different levels of personnel expertise.
Molecular methods can overcome many of these obstacles because of increased sensitivity and automation (thus researcher variability is minimized), and because DNA is the target, either live or preserved samples can be analyzed. Given these benefits, there are also caveats associated with the use of this method. For example, presence of inhibitors (e.g. humic acids) in samples can co-extract with DNA and affect assay efficiency, although many kits are designed to overcome this obstacle. A sample containing a very high concentration of cells may also affect reaction efficiency by introducing a large amount of competing DNA in the sample, a problem that can be overcome by diluting the sample and rerunning the assay. Furthermore, molecular probes are limited by the availability of sequence data for various organisms. A probe designed for isolates from one region may or may not detect RAPHIDOPHYCEAE SYSTEMATICS isolates of the same organism from a different geographic location.
Genetic and morphological variability should also be taken into consideration when using these methods for detecting species and when using those data to make comparisons. For example, some species may appear to have differences in morphology but are the same genetically (as demonstrated with C. marina, C. antiqua, and C. ovata). In contrast, species may appear to be the same morphologically but are genetically distinct. Both of these examples may lead to differences in results obtained from methods. Therefore, the caveats mentioned above need to be taken into consideration when using various methods for species detection and before implementing those methods in a monitoring program.
Blooms of raphidophytes are becoming more recognized, but today there is still a large underestimate of their abundance and appearance due to the distortion related to use of fixatives. The greatest utility of the molecular tools presented here is the identification of preserved samples of raphidophytes. While F. japonica may be well distinguished in preserved form, the same is not true particularly for the Chattonella species and H. akashiwo. All these species easily lyse with fixatives and become unrecognizable. The accuracy and ease of use of the molecular probes described here thus offer a vastly improved capability to estimate the cellular abundances and occurrences of these bloom species. For some, the species distinction may hold an additional significance. For instance, the difference between C. subsalsa and C. marina blooms, which are difficult at best to discern with actively growing cell morphology, signifies the difference between a potentially toxic species (C. marina) and a species not necessarily considered toxic (C. subsalsa). While much work is needed to define toxicity in the raphidophytes and in particular in Chattonella species, molecular probes can serve as a first pass in identifying the presence of these species.
The molecular probes will also offer a huge advantage in being able to process previously collected fixed samples. Archived samples may now be used in retrospective studies to confirm the presence of toxic species or blooms of noxious raphidophytes. These assays are currently being deployed in monitoring programs in Delaware, Maryland, and South Carolina in order to gain a better understanding of their distributions. The availability of these assays, along with the extensive sequence data deposited as part of this study, will serve to greatly enhance the study of raphidophyte species. Rapid real-time specific PCR assays can easily be incorporated into any monitoring program involving PCR detection of HAB species.
